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ABSTRACT 

Recent obse rva t ions  i n d i c a t e  t h a t  Muong Nong type t e k t i t e s ,  which a r e  

h igh ly  s t r u c t u r e d ,  c o n t a i n  c o e s i t e  and have a h igh  s i l i c a  c o n t e n t ,  may be 

primary t e k t i t e  m a t e r i a l .  

show t h a t ,  s t a r t i n g  wi th  m a t e r i a l  of t h i s  composi t ion,  vapor f r a c t i o n a t i o n  

r e s u l t s  i n  a residuum which fsllows the compDsitiona1 t r e n d s  of t e k t i t e s  i n  

g e n e r a l .  There i s  a s i g n i f i c a n t  d i f f e r e n c e  between t h e  t e k t i t e  t r e n d s  and 

High-temperature experiments  a t  a tmospheric  p re s su re  

C L A I  cuJse prodaced i n  experiiiieiit s ilnder reducing conc ' , i t ims .  
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INTRODUCTION 

Recen t ly ,  s e v e r a l  a u t h x s  have discussed t h e  importance of h igh  temperature  

s e l e c t i v e  v o l a t i l i z a t i o n  i n  the  formation of t e k t i t e s .  "his p rocess  has  

c e r t a i n l y  been involved i n  t h e  formation of t h e s e  gldc,sy q b j e c t s .  ne f r o t h i n g  

of l e c h a t e l i e r i t e ,  which i s  v i scous  even a t  h igh  t empera tu res ,  and the  

d i s s o c i a t i o n  of z i r c o n  t o  badde ley i t e  (Clarke and Wosinski, 1967) a r e  i n d i c a t i o n s  

t h a t  t e k t i t e s  were formed a t  temperatures  much h ighe r  t han  those  a t t a i n e d  i n  

x d i n a r y  t e r r e s t r i a l  p rocesses .  I n  a d d i t i o n ,  t h e  proposed mechanisms of 

o r i g i n  involve extremely h igh  temperatures .  Temperatures a t  which extreme 

v o l a t i l i z a t i o n  can t ake  p l a c e  can be achieved e i t h e r  i n  t h e  case  of a m e t e o r i t e  

impact o r  du r ing  e n t r y  of a l a r g e  parent body i n t o  t h e  e a r t h ' s  atmosphere. 

I n  t h e  p a s t ,  i n v e s t i g a t i o n s  on the r o l e  of t h i s  p rocess  i n  t h e  formation 

of t e k t i t e s  have involved both h igh  temperature experiments  and t h e  compositional 

a n a l y s i s  of t e k t i t e s .  A summary of t h i s  work h a s  been presented by P h i l p o t t s  

and Pinscr? (1966) a ~ d  a~ en la rged  d i s c u s s i o n  of the problem was p resen ted  

by Schne tz l e r  and Pinson (1963).  Cohen (1960) proposed v o l a t i l i z a t i o n  t o  

e x p l a i n  t h e  d i f f e r e n t i a l  l o s s  of germanium from a u s t r a l i t e  f l a n g e s .  P h i l p o t t s  

and PinsDn (1966) used t b e  v a r i a b l e  Rb/Sr r a t i 3  i n  moldavi tes  a s  an  i n d i c a t o r  

of f r a c t i o n a t i o n  and were a b l e  t o  e x p l a i n  many of t h e  c.ompositiona1 v a r i a t i o n s  

3n the  b a s i s  of vapor f r a c t i o n a t i m .  Tb.ey cnncluded t h a t  i t  is d i t ' f i c a l t  

f o r  any Dther 'process  t3  e x p l a i n  t h e  observed comp?sition.iL r e l a t i o n s h i p s .  

The r e s u l t s  of experimental  s t u d i e s  have been publ ished by Lovering (1960) 

Friedman e t  a l .  (1960) and Walter and Carron (1964). I n  t h e s e  c a s e s ,  however, 

t h e  degree of f r a c t i o n a t i D n  w a s  i n s u f f i c i e n t  t o  permit d e f i n i t i v e  s t a t emen t s  

on t h e  f r a c t i o n a t i o n  t r e n d s .  Lovering 's  experiments ,  c a r r i e d  ou t  i n  a s o l a r  

f u r n a c e ,  were l i m i t e d  t3 a maximum temperature of about 20OO3C. 

-- 

He used 



- 3 -  

g r a n i t e  a s  a s t a r t i n g  m a t e r i a l .  The r e s u l t s  of t h e  chemical a n a l y s e s  

showed t h a t  Si0 dropped from 75.96% i n  the s t a r t i n g  m a t e r i a l  t o  75.48%, 

but such a small l o s s  may no t  have been s i g n i f i c a n t .  

2 

Friedman e t  a l .  (1960) used s e v e r a l  s t a r t i n g  m a t e r i a l s  - sand, -- 
b e n t o n i t e ,  b a s a l t  g l a s s ,  o b s i d i a n  and two r h y o l i t e s .  The d u r a t i o n  of 

h e a t i n g  i n  the s o l a r  f u r n a c e ,  however, w a s  l i m i t e d  due t o  t h e  f a c t  t h a t  

the beam w a s  h o r i z o n t a l ,  r e q u i r i n g  a v e r t i c a l  o r i e n t a t i o n  t o  the  f a c e  of 

the sample thus  a l lowing  the  melt  t o  d rop  out of t h e  h o t  zone a s  i t  formed. 

Consequently, only a small degree of f r a c t i o n a t i o n  was o b t a i n e d .  It  w a s  

shown t h a t  the r a t i o  of Fe t o  Fe inc reased  w i t h  h e a t i n g .  No c l e a r  

t r end  of s i l i c a  f r a c t i o n a t i o n  could be determined from t h e i r  r e s u l t s ,  but  

d e p l e t i o n  of s i l i c a  and a l k a l i e s  and t h e  c o n c e n t r a t i o n  of alumina was noted.  

2+ 3+ 

Experiments on vapor f r a c t i o n a t i o n  i n  a i r  by Walter and Carron (1964),  

u s ing  an  induct ion f u r n a c e ,  were l i m i t e d  t o  21OO0C by t h e  n a t u r e  of t h e  

c r u c i b l e  ma te r i a l  used ( i r i d i u m ) .  A s  i n  t h e  s o l a r  f u r n a c e ,  only a small  

degree of f r a c t i o n a t i o n  was ob ta ined .  However, the r e s u l t s  showed t h a t  t h e  

v o l a t i l i t y  of t h e  a l k a l i e s  w a s  a f u n c t i o n  of t h e  p a r t i a l  p re s su re  of oxygen 

and t h a t ,  a t  high oxygen p r e s s u r e s ,  t h e  a l k a l i e s  were not d e p l e t e d .  

The l a s t ,  r a t h e r  s u r p r i s i n g ,  r e s u l t  i s  c o n t r a r y  t o  t h e  i n t u i t i v e  

e x p e c t a t i o n  t h a t  a l k a l i e s  would be b o i l e d  o f f  from a high temperature  m e l t .  

It a l s o  suggests t h a t  t h e  compositional t r e n d s  of i n d i v i d u a l  t e k t i t e  groups 

may be due t o  t h e  p rocess  of vapor f r a c t i o n a t i o n  s i n c e ,  a s  t he  d a t a  of Barnes 

(1964) has  shown, t h e  a l k a l i  con ten t  of i n d o c h i n i t e s  i s  r e l a t i v e l y  independent 

of t h e  s i l i c a  c o n t e n t .  I f  such a p rocess  h a s ,  indeed,  taken p l a c e ,  i t  should 
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t h e n  be p o s s i b l e  t o  d u p l i c a t e  t h e  compositional t r e n d s  of t e k t i t e s  

expe r imen ta l ly .  

I n  o r d e r  t o  accomplish t h e s e  high-temperature experiments  a t  atmospheric 

. oxygen p r e s s u r e ,  i t  was necessary t o  obtain t h e  use of a l a r g e ,  v e r t i c a l l y -  

o r i e n t e d  s o l a r  f u r n a c e .  Dr. John Guitronich of t h e  U n i v e r s i t y  of New South 

Wales c o l l a b o r a t e d  i n  t h i s  phase of t he  r e s e a r c h  and t h e  r e s u l t s  of t h e  

s tudy a r e  publ ished elsewhere i n  t h e i r  e n t i r e t y  (Walter and Gu i t ron ich ,  1967). 

A t  t h e  beginning of t h e  i n v e s t i g a t i o n  it was t a c i t l y  assumed t h a t  t h e  

s t a r t i n g  composition could be represented by t h e  l o w - s i l i c a  end-member of t h e  

t e k t i t e  compositional t r e n d s  (ca. 65% SiO,). 

communication) suggested t h a t  t h e  h i g h - s i l i c a ,  Muong Nong type t e k t i t e s  might 

r e p r e s e n t  t h e  u n f r a c t i o n a t e d  t e k t i t e  parent  m a t e r i a l  more c l o s e l y  because of 

t h e  high degree of s t r u c t u r e  which they e x h i b i t .  These t e k t i t e s  a r e  found 

i n  Indochina and were d e f i n e d  by Barnes (1961) a s  "layered" t e k t i t e s .  I n  

t h i n  s e c t i o n  t h e y  show "shards" and cuspate vo ids  which, a s  O'Keefe has 

sugges t ed ,  should have been modified 3r des t royed  by any s u b s t a n t i a l  degree 

of h e a t i n g .  The discDvery of c o e s i t e  (Walter ,  1965a ) ,uns t ah le  a t  h igh  temperatures  

and low p r e s s u r e s ,  i n  t h i s  type of t e k t i t e ,  provided proof t h a t  t hey  had no t  

been heated s u b s t a n t i a l l y  a f t e r  t h e  time of formation of t h e  c o e s i t e  which, 

presumably, i s  t h e  f i r s t  s t age  of t h e  formation oE t e k t i t e s  as we s e e  them. 

However, O'Keefe (personal  

Tn a l l  x c u r r e n c e s  of c o e s i t e  i n  t e k t i t e s ,  t h e  c o e s i t e  i s  surrounded by 

f r o t h y  l e c h a t e l i e r i t e .  Walter conc.luded t h a t ,  while t h e  f r o t h i n g  of t h e  

l e c h a t e l i e r i t e  w a s  i n d i c a t i v e  o f  P "moderateft degree of h e a t i n g  (about 1700°C 

o r  mDre), t h e  r e t e n t i o n  of t he  c o e s i t e  w a s  an  i n d i c a t i o n  t h a t  t h i s  h e a t i n g  

was momentary. Experimental i n v e s t i g a t i o n s  on c o e s i t e  decomposition showed 
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i n  f i g u r e  2 ,  specimen PD2) had a s t r o n g  peak. Examination of t w 9  s e c t i w s  11f 

a c a e s i t e - b e a r i n g  specimen from Kan L3ng Dong ( f i g u r e  2 ,  specimens KLDlC 

and KLDlF) dn not e x h i b i t  such a uniform composi t ion.  This t . e t e rogene i ty ,  

tmwever, does n o t  c o n t r d i c t  O'Keefe and Adler's (1966) Content iJn t h d t  t h e  

Muong Nong type t e k t i t e s  could no t  c o n s i s t  of l a r g e ,  melted and p a r t i a l l y  

homogenized mineral g r a i n s .  They conclude t h a t ,  because of t h e  l i m i t < i t i o n  

on the  deg ree  of h e a t i n g ,  t h e  l aye red  t e k t i t e s  hdve been o r i g i n - l l y  m d d s  

a t  e i t h e r  minute c r y s t a l s  o r  g l a s s  frdgments.  

> 

t h a t  t h i s  mineral would break down t o  abundant c r i s t o b a l i t e  a t  moderdte 

t empera tu res  i n  a r e l a t i v e l y  short .  time ( e . g . ,  i n  6 minutes  a t  15OO0C). 

The l a c k  of any  i n d i c a t i o n  of c r i s t o b a l i t e  i n  t h e  X-ray p a t t e r n s  of t e k t i t e  

i n c l u s i o n s  w a s  i n d i c a t i v e  of a law degree o f  h e a t i n g .  

D r .  Barnes k i n d l y  pe rmi t t ed  t h e  au tho r  t o  i n s p e c t  h i s  c o l l e c t i o n  o f  

t h i n  s l i c e s  of Muong Nong specimens f o r  t he  c h a r a c t e r i s t i c  c o e s i t e - b e a r i n g  

i n c l u s i o n s .  I n  f i g u r e  1 ,  the  0ccurrenc.e of t h e s e  i n c l u s i o n s  i s  Shawn as a 

f u n c t i o n  of t h e  index of r e f r a c t i o n  of t h e  p a r t i c u l a r  3pecimen. Ttis resu.1 t.s 

show t h a t ,  w i t h  a high degree  I>E p r o b a b i l i t y ,  t h e  c o e s i t e - b e a r i n g  i n c l u s i o n s  

occur i n  specimens wi th  low r e f r a c t . i v e  index ( i . e . ,  h i g h  s i l i c a  content : ) .  

This  i s  an i n d i c a t i o n  t h a t  t h e  h i g h - s i l i c a  Muong Nong type  t e k t i t e s  a r e  primary 

and p r e s e n t s  the p o s s i b i l i t y  t h a t  o t h e r ,  l o w - s i l i c a  t e k t i t e s  may be d e r i v e d  Krom 

t h e s e  . 
I n  an  e a r l i e r  paper (Walter ,  1 9 6 5 ~ 0 ,  t h e  pronounced homogeneity of ii 

I Muong Nong type t e k t i t e  was pointed o u t .  I n  t h a t  s t u d y ,  100 randomly-selected 

p o i n t s  were analyzed by microprobe and t h e  r e s u l t i n g  d i s t r i b u t i o n  (st t lmn b e r e  
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I n  o r d e r  t o  compare t h e  p r e s e n t  experimental  d a t a  w i t h  t h e  t r e n d s  i n  

t e k t i t e s  , some s u i t a b l e  normalizing f a c t o r  must be e s t a b l i s h e d .  Normalization 

a g a i n s t  Si02 con ten t  i s  used throughout t h i s  work  f o r  s e v e r a l  r e a s m s :  

(1) it develops t h a t  s i l i c a  i s  one of the most v o l a t i l e  s p e c i e s  i n  t e k t i t e s ;  

( 2 )  it i s  more e a s i l y  analyzed by microprobe t h a n  minor c o n s t i t u e n t s ;  

( 3 )  a s  a major c o n s t i t u e n t ,  s i l i c a  i s  always r ep resen ted  i n  t e k t i t e  a n a l y s e s  

and has  been used by o t h e r  workers f o r  such no rma l i za t ion ;  (4) fu r the rmore ,  

it can e a s i l y  be c o r r e l a t e d  with t h e  index of r e f r a c t i o n  and d e n s i t y .  

Another f a c t o r  which should be examined i s  t h e  e f f e c t  of v a r i a t i o n  i n  a 

c l o s e d  system. Since s i l i c a  concen t r a t ion  i s  so h igh  i n  t e k t i t e s ,  independent 

v a r i a t i o n  i n  t h i s  component w i l l  be r e f l e c t e d  i n  t h e  c o n c e n t r a t i o n s  of t h e  o the r  

c o n s t i t u e n t s .  Meisch, Chao and C u t t i t t a  (1966) have r e c e n t l y  explored t h i s  

compl i ca t ing  a s p e c t  of compositional t r end  a n a l y s i s  as it p e r t a i n s  t o  t e k t i t e s .  

They found,  as d i d  Taylor (1962) ,  t h a t  most e lements  a r e  n e g a t i v e l y  c o r r e l a t e d  

wi th  S i02 .  

t o  t h e  experimental  d a t a  presented here .  

It may be w e l l ,  i n  t h e  f u t u r e ,  t o  apply t h e s e  s t a t i s t i c a i  methods 

T e k t i t e  a n a l y s e s  have been compiled f:'rom t h e  l i t e r a t u r e .  The on ly  a n a l y s e s  

used were those publ ished a f t e r  2957 when t h e  A v a i l a b i l i t y  of rock s t anda rds  

began, h o p e f u l l y ,  t o  l e a d  t o  more accurate  a n a l y s e s .  The a n a l y s e s  used a r e  

comprised of thDse f o r  37 a u s t r a l i t e s ;  8 j a v a n i t e s ;  32 p h i l i p p i n i t e s ;  33 

i n d x h i n i t e s ;  44 moldav i t e s  and 35 North American t e k t i t e s .  S i n c e ,  i n  

general  , t h e  sou rces  f o r  t h e s e  analyses  are  r e a d i l y  a v a i l a b l e  ( s e e  Table l ) ,  

it i s  considered unnecessary t o  t a b u l a t e  t h e  d a t a  he re .  

Diagrams showing t h e  r e l a t i o n s h i p  of t h e  c o n c e n t r a t i o n  of t h e  major ox ides  

to Si0 

sh3wn i n  f i g u r e s  3-6. The p l o t s  f o r  moldavi tes  and North American t e k t i t e s  

f o r  t h e  majar groups comprising t h e  a u s t r e l a s i a n  strewn f i e l d  a r e  
2 

a r e  shown i n  f i g u r e s  7 and 8 .  
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Tk r .  d a t a  i n  f i g u r e s  3-8 have been f i t t e d  by two r e g r e s s i o n  l i n e s .  n e  

s o l i d  l i n e s  were determined by l e a s t  squa res  pe rpend icu la r  t o  t h e  a b s c i s s a ;  

t h e  dashed l i n e s  by the  same method p a r a l l e l  t o  t h e  a b s c i s s a .  The goodness 

~f f i t  i s  appa ren t ,  i n  each  c a s e ,  by t h e  degree of co inc idence  of t h e s e  l i n e s .  

O f  c o u r s e ,  c a u t i o n  must be used i n  s t a t i s t i c a l  d e r i v a t i o n  of a curve 

from a small  number of p o i n t s .  T h i s  problem i s  apparent  i n  t h e  calcium d i s t r i b u t b n  

of t h e  J a v a n i t e s  ( f i g .  4). 

The d a t a  f o r  t he  Ivory Coast t e k t i t e s  are not p re sen ted  s i n c e  only t h r e e  

Dld a n a l y s e s  a r e  c u r r e n t l y  a v a i l a b l e .  

specimens (Chao e t  a l . ,  1965) show a d i s t r i b u t i o n  from 67.2% t s  69.1% Sir) 

Th i s  range i s  t o o  l i m i t e d  t o  make t h e  a n a l y s e s  of i n t e r e s t  i n  t h i s  d i s c u s s i 3 n .  

I t  should be pointed m t ,  however, t h a t  s i n c e  two of t h e  t h r e e  o l d  a n a l y s e s  

a l s o  f a l l  w i t h i n  t h i s  range,  t h e  t h i r d ,  which c o n t a i n s  76.56% S i 0 2  i s  rendered 

suspec t .  

New d a t a  on a group of 14 Ivo ry  C7ast 

2 -  -- 

I n  g e n e r a l ,  t r e n d s  f 3 r  A 1 2 0 3  and FeOtotal (de f ined  i n  t h e  s e c t i o n  on 

a n a l y s e s )  show a good c o r r e l a t i o n  wi th  S i02 .  

t o  va ry  from e x c e l l e n t  i n  t h e  case  of t h e  North American group t o  g3od i n  

the  case  of t h e  moldavi tes .  This  may be a r e a l  d i f f e r e n c e ,  Put  i t  may b? due,  

i n  p a r t ,  t o  t h e  f a c t  t h d t  most a n a l y s e s  of North American t e k t i t e s  were 

performed i n  m e  l a b a r a t ~ r y .  Tn addi t iDn t o  t h e  c l o s e  c 3 r r e l a t i o n  w i t h .  S i 0  

w i t h i n  each group, the s l o p e s  o f  t h e  t r e n d s  f o r  t h e s e  ox ides  a r e  s i m i l A r  between 

the  groups.  

The t i g h t n e s s  of f i t  may be s a i d  

2 

The c o r r e l a t i o n  between K 2 0  and Na20 and S i 0 2  i s  goad i n  t h e  a u s t r d l i t e s  

and i n d o c h i n i t e s  and f a i r  i n  t h e  North American t e k t i t e s .  The c m p o s i t i m a l  

spread Df t h e  p h i l i p p i n i t e s  may n a t  be s u f f i c i e n t  t o  d e l i n e d t e  a t r e n d .  

Tn t h i s  ca se  a negat ive m r r e l a t i o n  i s  i n d i c a t e d  and it i s  s t r o n g l y  indic.i ted 
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i n  t h e  a u s t r a l i t e s  and i n d o c h i n i t e s .  A nega t ive  c o r r e l a t i o n  i s  a l s o  i n d i c a t e d  

by sodium i n  t h e  North American t e k t i t e s ,  but potassium i n  t h i s  group shows 

* a p o s i t i v e  s l o p e .  

The t r e n d  of magnesium may be regarded a s  a two- t o  t h r e e - f o l d  c o n c e n t r a t i o n  

' a s  s i l i c a  d e c r e a s e s  from 80% t o  70%. This  ho lds  f a i r l y  w e l l  f o r  t h e  

a u s t r a l i t e s ,  i n d o c h i n i t e s ,  and p h i l i p p i n i t e s  (a l though t h e  composi t ional  range 

is  sma l l e r  t h a n  i n  t h e  f i r s t  two g roups ) .  It a l s o  ho lds  for t h e  North 

American t e k t i t e s  s i n c e  t h e  magnesium content a t  about 80% S i 0  i s  0.5% 

o r  l e s s .  T h i s  resul ts  i n  a shallower s lope .  

2 

The "anornolous" behavior  of calcium has been po in ted  out by Schne tz l e r  

and Pinson (1964) and by T a y l o r  (1966). The calcium vs .  s i l i c a  t r e n d  c a n ,  

however, i n  some cases, be explained on the  b a s i s  of two- t o  t h r e e - f o l d  

c o n c e n t r a t i o n  f a c t o r  over a 10% Si0 range. This h o l d s  f o r  t h e  i n d o c h i n i t e s  2 

and North American t e k t i t e s  and,  perhaps,  f o r  t h e  p h i l i p p i n i t e s  and moldavi tes .  

P h i l p o t t s  and P inson  (1966) have pointed out t h a t  CaO v a r i e s  a t  cons t an t  FeO 

i n  Bohemian moldavi tes  and t h a t  FeO v a r i e s  a t  c o n s t a n t  CaO i n  Moravian moldavi tes .  

The two t r e n d s  a r e  not  d i s c e r n a b l e  i n  the  CaO-Si0 r e l a t i m s h i p s .  
2 

Tho t r e n d s  may be d i f f e r e n t i a t e d  i n  the CaO-Si02 d a t a  f o r  t h e  a u s t r a l i t e s .  

One group has  a narrow range a t  about 70% S i 0  ; t h e  o t h e r  ex tends  from almost- 

80% t o  ~70% Si02.  

by Chapman,  I- eta1.(1964)  on t h e  b a s i s  of s p e c i f i c  g r a v i t y .  

2 

These groups m u s t  conform t o  t h e  two a u s t r a l i t e  popu la t ions  de f ined  

He mmpared t h e  

. specimens from Manila Bay which were sharply d e f i n e d  and had n r e l a t i v e l y  
. 

high d e n s i t y  ( and ,  presumably, a lower s i l ica  c o n t e n t )  t o  p h i l i p p i n i t e s .  

. Indeed,  t h e  CaO-Si0 d i s t r i b u t i o n  f o r  the  narrow-ranged a u s t r a l i t e  ( f i g .  3) 2 

group i s  s i m i l a r  t o  t h e  p h i l i p p i n i t e  d i s t r i b u t i o n  ( f i g .  5 ) .  On t h e  o t h e r  hdnd, 

specimens from southwest A u s t r a l i a  were found t o  have g e n e r a l l y  lower and 
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" rx ide r  d i s t r i b u t i o n  ~f d e n s i t y  ( i n d i c a t i n g ,  on t h e  whole, h i g h e r  s i l i c a  c o n t e n t ) .  

mi i s  group would be r ep resen ted  i n  f i g u r e  3 by t h o s e  a n a l y s e s  which show a 

brzmder s i l i c a  d i s t r i b u t i m .  

independent ly  d e f i n e  t r e n d s  which a r e  similar t o  thDse i n  t h e  i n d o c h i n i t e s  

and North American t e k t i t e s .  The r e g r e s s i o n  l i n e s  i n  f i g u r e  3 ( ( 3 0 )  were 

c a l c u l a t e d  using a l l  t h e  p o i n t s  shown. I f  two t r e n d s  e x i s t ,  t h e y  can be 

exp la ined  on the b a s i s  of h e t e r o g e n e i t y  of t h e  s t a r t i n g  m a t e r i a l  which h a s  

been shown t o  e x i s t  i n  Muong Nong type  t e k t i t e s .  The s t a r t i n g  m a t e r i a l s  f a r  

t h e  t w 3  t r e n d s  cannDt be s p e c i f i e d  b u t ,  s i n c e  t h e  double t r e n d  i s  n o t  abvious 

i n  any Df t h e  o the r  d i s t r i b u t i o n s ,  it i s  tempting t o  sugges t  a v a r i a t i o n  i n  

The two CaO-Si02 groups i n  t h i s  f i g u r e  

on ly  t h e  calcium c o n t e n t .  'Ihus t h e  a d d i t i o n  of 1 .5% CaO t o  a pa ren t  m a t e r i a l  

of the * 'definedii  group c o n t a i n i n g  approximately 82% S i0  

produce t h e  s t a r t i n g  m a t e r i a l  (80% S i 0  2 .0% CaO) of the "broad', group. 

This  independent v a r i a t i o n  of CaO has  been suggested by S c h n e t z l e r  and 

Pinson (1964).  

and 0 .5% CaO would 2 

2 '  

The s t rong  and c o n s i s t e n t  v a r i a t i o n  of A 1  0 and FeO w i t h  S i 0 2  m u s t  be 2 3  

explained on the b a s i s  of some sys t ema t i c  p rocess .  P h i l p o t t s  and Pinson (1966) 

hdve presented some cogent arguments a g a i n s t  e i t h e r  t he  mixing of sedimentary 

rucks 3r an  igneDus fract iDna1 c r y s t a l l i z a t i o n  p rocess  a s  t h e  cause o f  t h e  

c m p o s i t i o n a l  r e l a t i o n s h i p s .  The r e s u l t s  of a computer a n a l y s i s  of 4876 of 

Washington's (1917) s u p e r i o r  a n a l y s e s  of igneous rocks  a r e  shown i n  f i g u r e  9.  

The Curves shDw t h e  mean d i s t r i b u t i o n  o f  A 1  0 K 0 and MgO v e r s u s  S i 0  

The s i g n i f i c a n c e  of t h e  cu rves  i s  t h a t ,  f o r  rocks  wi th  a s i l i c a  con ten t  

i n d i c a t e d  on the a b s c i s s a ,  half '  have oxide c o n t e n t s  higher  and h a l f  lower than  

t h e  value ind ica t ed  by t h e  curve on t h e  o r d i n a t e .  

r e l a t i 3 n s h i p  i s  s i m i l a r  t 3  t h a t  found i n  t e k t i t e s ,  t h e  r e l a t i o n s h i p s  between 

2 '  2 3 '  2 

m i l e  the  A1203-Si02 
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Si02-Mg0 and S i 0  -K 0 ( a t  l e a s t  below 75% S i 0  ) a r e  u n l i k e  t h a t  found i n  

t e k t i t e s .  While a very s t r o n g  case cannot be based on t h e s e  "median" t r e n d s ,  

2 2  2 

t h e s e  d a t a ,  combined w i t h  t h e  arguments by P h i l p o t t s  and P inson ,  p r e s e n t  a 

s t r o n g  case  a g a i n s t  a c r y s t a l  f r a c t i o n a t i o n  p rocess .  

EXPERIMENTAL 

The a n a l y t i c a l  r e s u l t s  on t e k t i t e s  i n  t h e  p rev ious  s e c t i o n  a r e  t o  be 

compared wi th  t h e  experimental  r e s u l t s  of s t u d i e s  by Walter and Guitronich 

(1967) which a r e  p re sen ted  i n  f i g u r e  10. These d a t a  a r e  t h e  r e s u l t s  of high- 

temperature  vapor f r a c t i o n a t i o n  experiments performed i n  a i r  atmosphere i n  a 

s o l a r  fu rnace  on a s y n t h e t i c  g l a s s  of t h e  cDmposition r ep resen ted  by t h e  

h i g h - s i l i c a  (ca. 82%)  end-points  o f  the f r a c t i o n a t i o n  cu rves .  The c o n d i t i o n s  

of t h e  runs  a r e  p re sen ted  i n  Table 2. The a n a l y s e s  were performed by microprobe; 
0 

t h e r e f o r e ,  i r m  i s  repor t ed  a s  FeO and t h e  e r r o r s  for t h e  l i g h t e r  elements 

(sodium and magnesium) a r e  r a t h e r  i a r g e .  The cu rves  showii are? der ived  by t h e  

l e a s t - s q u a r e s  a n a l y s i s  of t h e  microprobe d a t a .  Some o t h e r  a s p e c t s  of t h e  

microprobe a n a l y t i c a l  t echn iques  a r e  d i scussed  i n  Appendix 1. 

The d a t a  used t o  determine one of t h e  c u r v e s  shown i n  f i g u r e  10 a r e  

i l l u s t r a t e d  i n  f i g u r e  11. It i s  obvious i n  t h i s  f i g u r e  t h a t  many of t h e  a n a l y s e s  

a r e  grouped a t  t h e  high and th.e low ends of t h e  f r a c t i o n a t i o n  curve al thougt  

many p o i n t s  occur a long  the  curve.  These i n t e r m e d i a t e  v a l u e s  come from a 

r e l a t i v e l y  narrow ( c a .  300 micron) region of t h e  approximately 2 cm. sample. 

Thus, a l though  a s t r o n g  thermal g rad ien t  e x i s t s  i n  a s4mple i n  a s o l a r  f u r n a c e ,  

it appea r s  t h a t  convect ion i n  the s i1 ica t .e  me l t  w a s  s u f f i c i e n t  t o  homogenize 

the  f r a c t i o n a t i n g  m a t e r i a l  down t o  the l e v e l  a t  which t h e  melt  s t a r t e d  t o  flow. 

I n  between t h e  homogenized melt  and the s o l i d  s t a r t i n g  m a t e r i a l  w a s  a narrow 
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r e g i m  i n  which the m a t e r i a l s  were p a r t i a l l y  mixed. P o i n t s  a l o n g  t h e  c u r v e ,  

t he re fDre ,  do n:,t r e p r e s e n t  t h e  f r a c t i o n a t i o n  t r e n d ,  pe r  s e ,  b u t ,  r a t h e r  t h e  

mixing of t h e  two ( f r a c c i o n a t e d  and u n f r a c t i o n a t e d )  m a t e r i a l s .  Although t h e  

s t a r t i n g  m a t e r i a l  does not  n e c e s s a r i l y  f r a c t i o n a t e  a long t h e  curve d e f i n e d  by 

the  p o i n t s ,  the t r end  i s  c e r t a i n l y  toward t h e  l o w - s i l i c a  end-member and 

-- 

probably follDws f a i r l y  c l o s e l y  t o  t h e  l i n e a r  r e l a t i o n s h i p  s h m n .  

I n  o t h e r  runs i n  which t h e  degree of f r a c t i o n a t i o n  i s  small ( c f ,  runs  7 

and 9 )  compositional changes i n  t h e  major o x i d e s  were i n s u f f i c i e n t  t o  d e f i n e  

a t r e n d .  Therefore ,  i n  some of t h e s e  r u n s ,  t h e  f r a c t i o n a t i o n  cu rves  can 

d i f f e r  markedly from those i n  which a h ighe r  degree of f r a c t i o n a t i o n  was 

a t t a i n e d .  

The same s t a r t i n g  m a t e r i a l  was used i n  vapor f r a c t i o n a t i o n  experiments  

i n  which t h e  melt was hea ted  i n  a tungsten c r u c i b l e  by an i n d u c t i o n  f u r n a c e .  

The c r u c i b l e ,  about i nch  i n  d i ame te r  and 3/16 inch deep,  w a s  heated i n  a 

t e n - k i l o w a t t  induct ion furnace while  under a b o u t 1 0  mm p r e s s u r e  of a i r .  

The c o n d i t i o n s  of t h e  runs  a r e  g iven  i n  Table 3 .  

- 3  
Hg 

R e s u l t s  of t h e  microprDbe a n a l y s i s  of t h e  m a t e r i a l  which was heated i n  

tungs t en  a r e  i l l u s t r a t e d  i n  f i g u r e  1 2 .  Because i r o n  w a s  probably absorbed 

i n t o  t h e  tungsten during t h e  r u n ,  i t s  d e p l e t i o n  i n  t h e  residuum cannot be 

cons ide red  s i g n i f i c a n t  a l though  l o s s  of i r o n  by t h i s  mechanism r e s u l t s  i n  a 

s m a l l ,  anom3lous inc rease  i n  t h e  abundance of t h e  o t h e r  components. Other  

components should no t  be a f f e c t e d  d i r e c t l y  by t h e  tungs t en  excep t  i n s o f a r  a s  

t h e  presence of t ungs t en  lowers t h e  oxygen p r e s s u r e .  

The r e s u l t s  of vapor f r a c t i o n a t i o n  under t h e s e  reducing c o n d i t i o n s  a r e ,  

i n  o t h e r  r e s p e c t s ,  markedly d i f f e r e n t  from t h o s e  under o x i d i z i n g  c o n d i t i o n s .  

The most notable  d i f f e r e n c e  i s  i n  t h e  behavior  of a l k a l i e s  which dec rease  
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s t r o n g l y  w i t h  only a small  dec rease  i n  s i l i c a  c o n t e n t .  Another no tab le  d i f f e r e n c e  

i s  t h e  s t e e p e r  s lope  of t h e  alumina f r a c t i o n d t i o n  curve.  

Unfo r tuna te ly  t h e  s t d r t i n g  composition d i f f e r s  f r m  t h e  Muong Nong type 

composi t ion i n  seve ra l  r e s p e c t s .  The calcium con ten t  i s  law by a f .actor of  t w o ,  

being .51% i n  t h e  experimental  s t a r t i n g  m a t e r i a l .  A s  p rev ious ly  d i s c u s s e d ,  

t h e  experimental  curve f o r  CaO i s  t h u s  l e s s  s t e e p  than  i f  t h e  s t a r t i n g  m a t e r i a l  

had been i n  t h e  1% range. 

Another ,  and probably more s e r i o u s ,  d i f f e r e n c e  i s  i n  t h e  potassium con ten t  

which is  approximately 1% i n  t h e  experimental  s t a r t i n g  materi;al and 2% i n  t h e  

Muong Nong type t e k t i t e s .  It  i s  e n t i r e l y  conce ivab le  t h d t ,  w i th  h ighe r  potassium 

c o n t e n t ,  t h e  r a t e  of l o s s  might be g r e a t l y  inc reased .  I n  o r d e r  t o  check t h i s ,  

ano the r  experiment ,  u s i n g  a d i f f e r e n t  s t a r t i n g  m a t e r i a l  w i t h  a h i g h e r  potassium 

c o n t e n t ,  w a s  performed and t h e  r e s u l t $  a r e  shown i n  f i g u r e  1 3 .  I n - t h i s  c a s e ,  

t he  g l a s s  was placed i n  t h e  h o t  zone of an  arc welder .  Temperatures a t t a i n e d  

were i n  t h e  range of 3000 C ,  and f r a c t i o n a t i o n  was extreme, a l though t h e  time 

of h e a t i n g  was only about one minute .  n e  ambient was one atmosphere o f  , a i r  

and t h e  r e su l t s ,  a s  far as potassium i s  c.oneerned, a r e  simil;rr tc) those  obtained 

f o r  t h e  lower potassium s t a r t i n g  ma te r i a l  used i n  t h e  s o l a r  f i irnace experiments .  

3 

CDNCLUSIONS 

A comparison between t h e  r e s u l t s  o f  t h e  vapor f r a c t i o n a t i o n  experiments  

and t h e  compositional t r e n d s  i n  t e k t i t e s  seems t o  i n d i c a t e  t h a t  t h e s e  t r e n d s  

a r e  t h e  r e s u l t  of a vapor f r a c t i o n a t i o n  p rocess  ~ i c h  took p1ac.e a t  r e l a t i v e l y  

h igh  oxygen p r e s s u r e s .  Some o b j e c t i o n s  t o  t .h is  ConclusiDn, however, may be 

a n t i c i p a t e d  . 
( I )  D i s c r e t e  i n c l u s i o n s  of l e c h a t e l i e r i t e  occur i n  t e k t i t e s  throughout  

t h e i r  composi t ional  range.  I f  t e k t i t e s  have o r i g i n a t e d  through a high-tempertjture 

Erac. t ionat ion p r o c e s s ,  a l o g i c a l  q u e s t i o n  i s  whether t h e  1 e c . h a t e l i e r i t e  g r a i n s  
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w3,uld n D t  have been d i s so lved  du r ing  t h i s  p rocess .  Experiments c a r r i e d  o u t  

Sy Joseph BishDp Df t h e  P l a n e t o l o g y  Branch have demonstrated t h e  presence 

3f l e c h a t e l i e r i t e  i n c l u s i o n s  i n  s i l i c a t e  g l a s s e s  d e s p i t e  e x t e n s i v e  vapor 

f r a c t i o n a t i o n .  I n  t h i s  work, f i n e l y  crushed s i l i c a  g l a s s  was mixed w i t h  

powdered g l a s s  of t h e  composition used i n  t h e  s o l a r  fu rnace  r u n s .  These were 

exposed t o  high (3000 C) t empera tu res  i n  an i n d u c t i o n  h e a t e r  u s i n g  g r a p h i t e  

a s  a suscep to r  and c r u c i b l e .  Under t h e s e  condi t  i o n s ,  approximately two- th i rds  

of  t h e  sample ( v i s u a l  e s t i m a t i o n )  was b o i l e d  away i n  about t h r e e  minutes .  

Neve r the l e s s ,  microscopic examination of t h e s e  samples showed t h a t  d i s c r e t e  

l e c h e t e l i e r i t e  p a r t i c l e s  s t i l l  remained. It  t h u s  seems p o s s i b l e  t h a t  t h e  p a r e n t  

t e k t i t e  m a t e r i a l  could have undergone h i g h  temperature  vapor f r a c t i o n a t  i on  

while  p re se rv ing  d i s c r e t e  l e c h e t e l i e r i t e  f ragments .  

( 2 )  Another problem concerns t h e  time r e q u i r e d  f o r  vapor f r a c t i o n a t i o n  t o  

cover  t h e  range of t e k t i t e  composi t ions.  According t 3  t a b l e  2 and f i g u r e  10, 

vapor f r a c t i o n a t i o n  under o x i d i z i n g  c o n d i t i o n s  r e s u l t s  i n  a d e c r e a s e  i n  t h e  

s i l i c a  con ten t  from 8 2  t o  approximately 75% i n  about  5-10 minutes  a t  2800 C. 

I t  i s  hard t o  imagine t h a t  high-temperature c o n d i t i o n s  c.ould be s u s t a i n e d  t h i q  

1 orig e i t h e r  through t h e  p a r e n t  body o r  m e t e o r i t e  impact h y p t h e s e s .  However, 

s i n c e  runs  of t h i s  d u r a t i o n  a t  2200 C (Walter and Carron, 1964) produced l i t t l e  

chsnge i n  t h e  s i l i c d  c o n t e n t ,  i t  i s  q u i t e  l i k e l y  t h a t  t h e  v o l a t i l i z a t i o n  

r a t e  v a r i e s  s t r o n g l y  wi th  t empera tu re .  Consequently,  i t  seems 1 i k e l y  t h a t  an 

i n c r e a s e  i n  the temperature  t3 over 3000 C would be s u f f i c i e n t  to cause 

f r a c t i o n a t i o n  over t h e  e n t i r e  t e k t i t e  range i n  p e r i o d s  of  l e s s  t han  one minute .  

L:>vering (1960) has  p r e v i 3 u s l y  d i scussed  t h i s  a s p e c t  of t h e  problem of  vapor 

f r a c t  i n n a t i  on and proposed t h a t  temperatures  i n  the  o r d e r  o f  10,OOO°C were 

a t t a i n a b l e ,  thus almost o b v i a t i n g  t h e  problem. I t  seems l i k e l y  from t h e  

experimental  r e s u l t s  t h a t  such enormous t empera tu res  a r e  no t  r e q u i r e d .  

o 

3 

0 

. 
0 

I 
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( 3 )  I f  t h e  experi-mental d a t a  obtained under o x i d i z i n g  conditi-nns a r e  

t o  be used, a q u e s t i o n  a r i s e s  a s  t o  t h e  o x i d a t i o n  s t a t e  of t he  i r o n  i n  

the g l a s s  produced under t h e s e  cond i t ions  i n  comparison wi th  t h e  very low 

2 t  3+ Fe /Fe r a t i o  found i n  t e k t i t e s .  Cohen (1962) has  p rev ious ly  suggested 

t h a t ,  with i n c r e a s i n g  temperature ,  the Fe /Fe r a t i o  should i n c r e a s e .  2+ 3+ 

H i s  sugges t ion  was based on the  general  tendency of such systems t o  undergo 

r e d u c t i o n  a t  cons t an t  P w i th  i n c r e a s i n g  temperature .  This  e f f e c t  w a s  

noted i n  t h e  experimental  work of Friedman e t  a l .  (1960).  More r e c e n t l y ,  

Johnson (1964) has  r epor t ed  t h e  r e s u l t s  of experiments  on s i l i c a t e  g l a s s e s  

0 2  

-- 

i n  which t h e  p rocess  was a l s o  noted. Although t h e  r a t i o  was no t  lowered 

t o  that observed i n  t e k t i t e s ,  t h e  temperatures  a t t a i n e d  i n  h i s  experiments 

(1400 C) were no t  n e a r l y  so high as  those  proposed f o r  t he  v o l a t i l i z a t i o n  

mechanism. Another p o s s i b i l i t y  i s  t h a t  t h e  p a r e n t  t e k t i t e  m a t e r i a l  had 

an i n i t i a l l y  low f e r r i c - f e r r o u s  r a t i o  and t h a t ,  a t  t h e  f r e e  s u r f a c e ,  

m a t e r i a l  was, indeed,  oxidized while be ing  v o l a t i l i z e d  i n  the atmosphere. 

0 

The i n t e r i o r ,  i n  t h i s  c a s e ,  might n o t  become ox id ized  s ince  mass t r a n s f e r  

d u r i n g  t h i s  p rocess  would be from the i n s i d e  towards the o u t s i d e  of t h e  

t e k t i t e .  I n  e i t h e r  c a s e ,  t h e  f e r r i c - f e r r o u s  r a t i o s  observed i n  t e k t i t e s  

do not  seem t o  impose any insurmountable o b s t a c l e  i n  the  c o n s i d e r a t i o n  

of vapor f r a c t i o n a t i o n  under ox id i z ing  c o n d i t i o n s .  



- 15 - 

(4)  Althaugh experimental  v o l a t i l i z a t i o n  under o x i d i z i n g  c o n d i t i o n s  

( f i g s .  10 and 11) show t h a t  sodium is concen t r a t ed  i n  the  residuum, 

ana lyses  of a u s t r a l i t e s  (Tay lo r ,  1961) have i n d i c a t e d  t h a t  sodium i s  

dep le t ed  i n  t he  f l a n g e s .  These ana lyses  have been c o r r o b e r a t e d  by Cobb 

(1967) .  This  wotk i n d i c a t e s  a small d e p l e t i o n  of sodium i n  t h e  f l a n g e ,  

bu t  t h i s  i s  coupled wi th  a s i g n i f i c a n t  d e p l e t i o n  i n  chromium which i s  

considered r e f r a c t o r y .  The a u t h o r  concludes,  t h e r e f o r e ,  t h a t  t h e  q u e s t i o n  

of f r a c t i o n a l  v o l a t i l i z a t i o n  d u r i n g  t h e  p r o c e s s  of a u s t r a l i t e  f l a n g e  

formation i s  p rob lema t i ca l .  
* 

(5) While the  t e k t i t e  a n a l y t i c a l  d a t a  u s u a l l y  i n d i c a t e  a nega t ive  

c o r r e l a t i o n  between potash and s i l i c a ,  t h e  experimental  r e s u l t s  show 

a s l i g h t  p o s i t i v e  c o r r e l a t i o n .  Of t h e  K20-Si0 c o r r e l a t i o n s  shown i n  

f i g s .  3-8, those of t h e  j a v a n i t e s ,  p h i l i p p i n i t e s  and moldav i t e s  a r e  e i t h e r  

2 

based on too few p o i n t s  o r  show t o o  much spread t o  enable  any f i r m  

conc lus ions  regarding the  t r e n d s .  I n  t h e  a u s t r a l i t e s ,  t h e  t r u e  t r e n d  i s  

probably obscured by t h e  f a c t  t h a t  we a r e  d e a l i n g  wi th  two d i s t i n c t  

groups. The "def ined,"  l o w - s i l i c a  group has  a s i g n i f i c a n t l y  h ighe r  

K20-cmtent .  

CaO-Si0 c o r r e l a t i o n ,  e x h i b i t s  a h o r i z o n t a l  or s l i g h t l y  p o s i t i v e  K 0-Si0 2 2 

r e l a t i o n s h i p .  The negat ive c o r r e l a t i o n  i n  t h e  i n d o c h i n i t e s  i s  ve ry  

s l i g h t  and based s t r o n g l y  on t h r e e  a n a l y s e s  a t  h igh  SiO2-content.  The 

c o r r e l a t i o n  f o r  t h e  North American t e k t i t e s  a g r e e s  w i t h  t h e  r e s u l t s  of 

experimental  work. 

The "broad" group which, a s  mentioned, e x h i b i t s  a good 

2 



- 161 - 

A l t h m g h  t h e  K 0-Si0 c o r r e l a t i o n  i n  t h e  exper imenta l  run product 
2 2 

shwm i n  f i g .  10 i s  p o s i t i v e ,  t h e  r e s u l t s  cover a broad range of s i l i c a  

cnnt t in t s .  O f t e n ,  t r e n d s  which cover a narrower range of S i0  va lues  

( f i g .  9) w i l l  d e v i a t e  from t h i s  t r end  e i t h e r  because of  sampling o r  a n a l y t i c a l  

e r r o r .  I t  would seem t h a t  t h e  experimental  r e s u l t s ,  over t h e  t e k t i t e  

campDsi t ima1 range ,  i n d i c a t e  an o s t e n s i b l y  h o r i z o n t a l  K 0 - S i 0  c o r r e l a t i o n  

a s  shown i n  f i g .  1 2  and t h a t  t h i s  i s  i n  f a i r l y  good agreement wi th  those  

t e k t i t e  graups  f o r  which t h e r e  a r e  s u f f i c i e n t  and broad ( i n  terms of 

Si0 values)  ana lyses .  The f a c t  t ha t  one curve may be s l i g h t l y  p o s i t i v e  

o r  nega t ive  i s  unimportant  s i n c e  t h i s  only means t h a t  t h e  v o l a t i l i t y  of 

t h e  s p e c i e s  i s  s l i g h t l y  more o r  l e s s  t han  S i 0 2 .  It  i s  doub t fu l  whether 

t h e  d a t a  a r e  s u f f i c i e n t l y  good t o  permit t h i s  d i s t i n c t i o n .  

2 

2 2 

2 

Microprobe a n a l y s e s  of Ca, S i  and A 1  i n  two a u s t r a l i t e s  have shown 

t h a t  t h e  composi t ional  d i f f e r e n c e  between t h e  f l a n g e  and t h e  core  i s  c e r t a i n l y  

much l e s s  t han  t h e  composi t ional  f l u c t u a t i o n s  i n  t h e  f l a n g e  ~r t h e  c o r e .  

The r e s u l t s  f o r  one of t h e  two a u s t r a l i t e s  examined a r e  shown i n  f i g u r e  14 

and t h e  a n a l y s i s  of t h e  d a t a  i s  given i n  t a b l e  4 .  The r e s u l t s  f o r  t h e  o t h e r  

a u s t r a l i t e  were similar. The composi t ional  d i f f e r e n c e  between t h e  f l a n g e  and 

t h e  co re  i s  o b v i m s l y  w e l l  w i t h i n  the a n a l y t i c a l  e r r o r .  The spread of t h e  

a n a l y s e s ,  a s  i n d i c a t e d  by t h e  s tandard d e v i a t i o n  from t h e  mean, shows t h a t  

any d i f f e r e n c e s  must be less  than  the h e t e r o g e n e i t y  of t h e  a u s t r a l i t e  g l a s s  

i t s e l f .  S ince ,  accord ing  t o  t h e  experimental  vapor f r a c t i o n a t i o n  r e s u l t s ,  

t h e s e  elements  a r e  most s e n s i t i v e  t o  t h i s  p rocess ,  i t  i s  concluded t h a t  t h e  

e f f e c t s  of vapor f r a c t i o n a t i o n  dur ing  a u s t r a l i t e  f l a n g e  format ion  a r e  minimal. 

Thus, whi le  some f r a c t i o n a t i o n  must have occurred  d u r i n g  t h e  format ion  of t h e  

a u s t r a l i t s  f l a n g e s  (Walter  and Adams, 1967),  t h e  e x t e n t  of t h i s  p rocess  was 

riot so severe  a s  t h a t  vhich r e s u l t e d  i n  t h e  t e k t i t e  compDsitiona1 t r e n d .  

The temperature  and/or time of  formation of t h e  f l a n g e s  may no t  have been a s  

extreme and the  m a t e r i a l  may have flowed away from t h e  s t a g n a t i o n  p o i n t  
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i n  r e l a t i v e l y  t h i c k  l a y e r s  which were heated t o  extreme t empera tu res  t o  on ly  

a very small  depth.  

It does not seem l i k e l y  t h a t  any af' t h e  d a t a  o b v i a t e s  t h e  p o s s i b i l i t y  

Df vapor f r a c t i D n a t i o n  a s  t he  cause of t e k t i t e  composi t ional  t r e n d s .  Comp.ir~s.?n 

between t h e s e  t r ends  and those for t h e  experimental  r e s u l t s  under o x i d i z i n g  

c o n d i t i o n s  shows a s t r i k i n g  s i m i l a r i t y .  The s imple composi t ional  r e l a t i o n s k - i p s  

of A1 and Fe wi th  S i  i n  t e k t i t e s  probably have a simple e x p l a n a t i o n .  It would 

seem t h a t  vapor f r a c t i o n a t i o n  does e x p l a i n  t h e s e  t r e n d s  and ,  a t  t h e  same t i m e ,  

t i e c  i n  w i t h  the obse rva t ion  of c o e s i t e  i n  t h e  h i g h - s i l i c a ,  h i g h l y  s t r u c t u r e d  

Muong Nong type t e k t i t e s .  

Vapor f r a c t i o n a t i o n  a l s o  e x p l a i n s  t h e  r e l a t i o n s h i p  between Dxygen i s o t o p i c  

composition and s i l i c a  con ten t  discovered i n  t h e  b e d i a s i t e s  by Tay lo r  and 

Eps te in  (1962).  More r e c e n t l y ,  Gar l i ck  (1966) h a s  shown t h a t  f r a c t i o n a l  

c r y s t a l l i z a t i o n  p rocesses  produce a d i r e c t  c o r r e l a t i o n  between 0 and 

a parameter which he terms "chemical index." A l l  sequences of igneous rocks 

examined e x h i b i t  such a d i r e c t  c o r r e l a t i o n  b u t  t h e  b e d i a s i t e s  c .o r r e l a t e  

i n v e r s e l y .  I n  a s tudy  by Walter  and Clayton (1967) t h e  O l 8 / 0 l 6  r a t i o  of t h e  

product of run #4 ( f i g .  12) was compared wi th  t h a t  of t h e  s t a r t i n g  m a t e r i a l .  

The r e su l t s  showed a s ign i f : i can t  i nc rease  i n  this r a t i o  w i t h  dec reas ing  

s i l i c a  c o n t e n t  a s  i n  the  c.me of t h e  b e d i a s i t e s .  

18,016 

The most s i g n i f i c a n t  r e s u l t  of a s tudy  of t e k t i t e s  would be the  de t e rmina t ion  

of t h e i r  o r i g i n .  Unfo r tuna te ly ,  t h i s  i s  impossible  s i n c e  t h e  high temperatures  

necessa ry  f o r  d i f f e r e n t i a l  v o l a t i l i z a t i o n  could be obtained e i t h e r  through 

m e t e o r i t i c  impact or du r ing  t h e  a b l a t i o n  of a pa ren t  body. 

Two c o n c l u s i s n s ,  however, a r e  of some importance.  F i r s t  , i n  a t  l e a s t  

t h r e e  of t h e  f o u r  known strewn f i e l d s ,  t h e  t e k t i t e s  were de r ived  from a s i n g l e  
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p a r e n t  m a t e r i a l  and t h i s  m a t e r i a l  contained a t  l e a s t  82% s i l i c a .  It s h m l d  

be emphasized t h a t  t he  a u s t r a l i t e  ana lyses  i n d i c a t e  t h a t  t h i s  pa ren t  m a t e r i a l  

w a s  somewhat heterogeneous w i t h  r e spec t  t o  CaO. Second, t h i s  vapor f r a c t i o n a t i o n  

p rocess  could not  have taken place under reducing c o n d i t i o n s  s i n c e ,  a s  shown 

by t h e  r u n s  produced i n  t h e  t u n g s t e n  c r u c i b l e s ,  vapor f r a c t i o n a t i o n  under 

reducing c o n d i t i o n s  r e s u l t s  i n  a severe l o s s  of a l k a l i e s .  I n  a d d i t i o n ,  t h e  

r e l a t i o n s h i p  between alumina and s i l i c a  i s  q u i t e  d i s s i m i l a r  from t h a t  which 

occur s  when f r a c t i o n a t i o n  t a k e s  p l ace  under o x i d i z i n g  c o n d i t i o n s .  It f o l l o w s  

from t h i s  t h a t  t h e  extreme h e a t i n g  of t e k t i t e s  which r e s u l t e d  i n  t h e i r  vapor 

f r a c t i o n a t i o n  took place nea r  t h e  e a r t h ' s  s u r f a c e  under moderate oxygen 

p r e s s u r e .  T h i s ,  it seems, r u l e s  ou t  t he  hypo thes i s  of a d i r e c t  e n t r y  from 

t h e  moon for t h e  o r i g i n  of t e k t i t e s .  

DI s ass1 ON 
Recent s t u d i e s  by S c h n e t z l e r ,  Hurley and Pinson (1966);  S c h n e t z l e r ,  

P h i l p o t t s  and Thomas (1966) and Taylor and Eps te in  (1966) ,  have c l o s e l y  c o r r e l a t e d  

the  rocks a t  the Bosumtwi C r a t e r  (Ghana) with the I v o r y  Coast t e k t i t e s ,  t h u s  

l end ing  s t r o n g  support  t o  a t e r r e s t r i a l  o r i g i n .  On t h e  o t h e r  hand, many 

of t h e  arguments a g a i n s t  t h i s  o r i g i n ,  such a s  t h e  requirement of b l a s t i n g  t e k t i t e s  

through o r  a long  wi th  t h e  atmosphere (O'Keefe, 19661, a r e  s t i l l  v i a b l e .  

I Ne i the r  t h i s  evidence or t h a t  presented i n  t h i s  paper can permit  t h i s  au tho r  
I 

1 -  
I t o  d e c i d e ,  with any c e r t a i n t y ,  between a t e r r e s t r i a l  and a l u n a r  o r i g i n  f o r  

t e k t i t e s .  

This  work, however, g i v e s  some  support  t o  a luna r  o r i g i n  because i t  i s  

d i f f i c u l t  t o  a s c r i b e  t h e  f o u r  t e k t i t e  groups t o  f o u r  d i f f e r e n t  t e r r e s t r i a l  

impact s i t e s  whi-ch had m a t e r i a l  w i th  a t  l e a s t  82% s i l i c a .  (The Ivo ry  Coast 
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t e k t i t e s  may have had a lower s i 1  ic.a s t a r t i n g  m a t e r i a l ,  b u t  t h r e e  a r e a s  s t i l i  

remain which must have had t h i s  h i g h - s i l i c a  m a t e r i a l . )  

ou t  t h a t  of the impact dnd p o s s i b l e  impact g l a s s e s  which d r e  r epor t ed  by 

Oiao (1963) ,  a l l  b u t  t h e  g l a s s  from t F e  Ries  C r a t e r  dre e x c e p t i 3 n a l l y  k igh  

i n  s i l i c a .  Since t h e  o t h e r  c r a t e r s  (Wabar, Henbury and Aoue l lou l )  d i s c u s s e d  

by Chao occur i n  sedimentary rock ,  it might be concluded t h a t  t h e r e  i s  a h igh  

p r o b a b i l i t y  t h a t  d l a r g e  m e t e o r i t e  s t r i k i n g  t h e  e a r t h  w i l l  s t r i k e  a high-  

s i l i c a  m a t e r i a l .  (The R i e s  m a t e r i a l  i n d i c a t e s  t h a t  g l a s s  formation does no t  

r e q u i r e  a s i l i ca  con ten t  of SO%.) T t  i s  more l i k e l y ,  however, t h a t  c r a t e r s  

i n  h i g h l y  s i l i c e o u s  m a t e r i a l  w i l l  l a s t  l onge r  and w i l l  be d e t e c t e d  more e a s i l y .  

It might be pointed 

Thus, t h e  r a t h e r  poor  s t a t i s t i c s  might have a simple e x p l a n a t i o n .  Because of 

our  r e l a t i v e  l a c k  of knowledge about t h e  composition of t h e  l u n a r  s u r f a c e ,  

one can a r b i t r a r i l y  p o s t u l a t e  h i g h - s i l i c a  s u r f a c e  m a t e r i a l ,  bu t  t h i s  seems 

t o  be a Deus ex machina. Some evidence f o r  such a material e x i s t s ,  however 

(O'Keefe and Cameron, 1962), and Walter (1965b) nas proposed some mechanisms 

by which magmatic d i f f e r e n t i a t i o n  under l u n a r  c o n d i t i o n s  might r e s u l t  i n  

r e s idua  which would be m3re s i l i c e o u s  than  t h e i r  t e r r e s t r i a l  c m n t e r p a r t s .  

This work, w h i l e  s p e c u l a t i v e ,  was produced - a p r i o r i  t o  t h e  requirement f o r  

a h i g h - s i l i c a  s t a r t i n g  m a t e r i a l .  It i n d i c a t e s  s e v e r a l  r easons  why t h e  r e s i d u a l  

magmas a r r i v i n g  a t  the l u n a r  su r face  would be c l o s e  t o  the maximum s i l i c a  

con ten t  of 75430%. Since such magmatic r e s i d u a  c o n t a i n  about 10% t o t a l  a l k a l i e 9  

and s i n c e  these would b o i l  o f f  if t h e  magma were exposed t o  vacuum a t  t h e  l u n a r  

s u r f a c e ,  the s i l i c a  con ten t  could be r a i s e d  t o  the 80-82% l e v e l  r equ i r ed  f o r  

t h e  t e k t i t e  parent m a t e r i a l .  
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Appendix 1 

Analytic;.’ Techniques 

The method of microprobe a n a l y s i s  used i n  t h i s  work involved d i r e c t  

i n t e r p o l a t i o n  (and l i m i t e d  e x t r a p o l a t i o n )  u s ing  homogeneous s y n t h e t i c  g l a s s  

and a-A1 0 a s  s t a n d a r d s .  The 2 3  s t a n d a r d s  of t e k t i t e  compositiun; Si02 

coun t s  for s t anda rds  and samples were normalized a g a i n s t  c o n s t a n t  i n t e g r a t e d  
q u a r t z  

sample  c u r r e n t .  This c u r r e n t ,  caused by the  a b s o r b t i o n  of e l e c t r o n s  i n  t h e  

sample under a n a l y s i s  , w a s  s t o r e d  i n  a p r e c i s i o n  capac i t ance - type  c u r r e n t  

Ln teg ra t e r  which t r i g g e r s  t h e  p r i n t o u t  c y c l e  when a p r e s e t  number of coulombs 

i s  a t t a i n e d .  O r d i n a r i l y ,  it would be d i f f i c u l t  t o  use t h e s e  d a t a  i f  c o r r e c t i o n  

procedures  were t c  be used s i n c e  such procedures  a r e  based on cons t an t  i n t e g r a t e d  

beam c u r r e n t  be ing  h e l d  c o n s t a n t  between samples. However, i n  t h e  p re sen t  

work, t h e  d a t a  a r e  employed only i n  i n t e r p o l a t i o n  between s t a n d a r d s ;  s i n c e  t h e  

m a t r i c e s  of s t anda rds  and samples are s i m i l a r ,  normalized sample c u r r e n t  i s  

p o s s i b l e .  However, beam c u r r e n t  sampling and no rma l i za t ion  cou ld ,  of c o u r s e ,  

be used i f  t h e  d a t a  a r e  t o  be i n t e r p r e t e d  by i n t e r p o l a t i o n .  The i n t e g r a t i o n  

method has  two advantages:  1) it he lps  g r e a t l y  i n  smoothing out t h e  

e f f e c t s  of sho r t - t ime  i n s t a b i l i t y  i n  t h e  power s u p p l i e s  of t h e  microprobe and 

2 )  it i s  e s s e n t i a l  i n  t h e  techniques used he re  f o r  t h e  a n a l y s i s  of wdiurn. 

I t  i s  well-known t h a t  sodium v o l a t i l i z e s  r e a d i l y  from g l a s s e s  du r ing  

microprobe a n a l y s i s .  I n  developing a technique f o r  sodium a n a l y s i s ,  s eve ra l  

methods were at tempted.  The one which gave t h e  h i g h e s t  p r e c i s i o n  was t h e  use 

of a f a i r l y  i n t e n s e  beam (20 KV and .OS p a )  f o r  on ly  about  10 seconds.  This 

method produces only about 500 t o t a l  counts  f o r  Na a t  t h e  1% c o n c e n t r a t i m  

l e v e l ,  b u t  a f t z r  10 secsnds t h e  ccuct r a t e  i s  r e l a t i v e l y  independent o f  t h e  i n i t i a l  

sodium c o n c e n t r a t i o n  s i n c e  so  much sodium has  been b o i l e d  o f f .  The technique 
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h inges  on t h e  a b i l i t y  t? begin i n t e g r a t i n g  X-ray c o u n t s  a t  t h e  moment t h e  

e l e :  trrJn beam h i t s  t h e  sample s o  t h a t  t h e  v o l a t i l i z a t i o n  is kept  c o n s t a n t .  

It may be of i n t e r e s t  t o  note  t h a t  potassium which i s  more v o l a t i l e  t han  

sodium i n  t h e  vapor i za t ion  experiments ,  i s  n o t  s u b j e c t  t;, v a p o r i z a t i o n  d u r i n g  

miCr!3DrObe a n a l y s i s .  The l o s s  of sodium i s  a p p a r e n t l y  t h e  r e s u l t  of t he  b reak ing  

of chemical bnnds because of t h e  presence of excess  e l e c t r o n s  r a t h e r  t h a n  

because of an inc rease  i n  temperature .  (The h igh  t empera tu res  r e q u i r e d  t o  

"boi l  o f f "  a l k a l i e s  i n  t h e  microprobe should r e s u l t  i n  an i n t e n s e  glow whicb 

c e r t a i n l y  i s  not apparent  du r ing  a n a l y s i s . )  

Since t h e  microprobe cannot d i f f e r e n t i a t e  f e r r i c  and f e r r o u s  i r o n ,  a l l  

r e s u l t s  i n  t h i s  paper a r e  p re sen ted  i n  terms of FeO . I n  o b t a i n i n g  t h i s  

value f o r  s tandards and f o r  t h e  r e s u l t s  of w e t  chemical a n a l y s e s ,  Fe 0 w a s  

r e c a l c u l a t e d  t a  FeO and added t o  t h e  balance of t h e  FeO i n  the a n a l y s i s .  

This  conversion has  l i t t l e  e f f e c t  on t h e  t e k t i t e  ana lyses  because of t h e i r  low 

f e r r i c  i r o n  values .  F e r r i c  i r o n  was n o t  determined i n  t h e  experimental  run 

p roduc t s  . 

t o t a l  

2 3  

Accumulated counts  For s t anda rds  and samples were piinched o n t 3  paper t a p e  

and t h e  information t r a n s f e r r e d  t o  punched c a r d s .  A camputer was used t o  f i t  

l i n e a r  and q u a d r a t i c  equa t ions  t o  t h e  d a t a  f o r  t h e  s t a n d a r d s  which were run 

be fo re  and a f t e r  a given s e t  of samples. It  then  eva lua ted  t h e  sample d a t a ,  

a d j u s t i n g  t h e  equa t ions  t o  vary l i n e a r l y  between t h e  f i r s t  and second s e t s  

of s t a n d a r d s .  This  r e p r e s e n t s  ano the r  a t t empt  t o  s o f t e n  t h e  e f f e c t  of machine 

d r i f t  and,  s ince s t a n d a r d s  were run every f i f t e e n  o r  twenty minu tes ,  it w a s  

e f f e c t i v e .  The ou tpu t  of t h e  computer run was a u t o m a t i c a l l y  placed on punched 

c a r d s  t o  f a c i l i t a t e  t h e  computation of t h e  l e a s t - s q u a r e s  r e l a t i o n s h i p s  o f  t h e  

Qx ides  t o  s i l i c a .  
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E:gure Legends 

1. 

2 .  

3 .  

4. 

5. 

6.  

7 .  

8. 

9. 

10. 

11. 

12. 

Occurrence Df c o e s i t e - b e a r i n g  i n c l u s i o n s  i n  22 Muong Nong type  t e k t i t e s  

a s  a func t ion  of r e f r a c t i v e  index.  The r e f r a c t i v e  index s c a l e  h a s  been 

converted t 3  an  S i 0  s c a l e  (above) us ing  t h e  r e l a t i o n s h i p  o f  Chao (1963) .  

The specimens were from t h e  c o l l e c t i o n  of D r .  V i r g i l  Barnes who determined 

t h e  r c f r a c t i v e  i n d i c e s .  

D i s t r i b u t i o n  of microprobe a n a l y s e s  of randomly-selected p o i n t s  i n  Muong 

Nong type  t e k t i t e s  f ram Phaeng Dsng (PD) and Kan Long Dong (KLD) . TWO 

s e p a r a t e  s e c t i o n s  of t h e  KLD specimen were examined. 

Major o x i d e - s i l i c a  c o r r e l a t i o n s  f o r  a u s t r a l i t e s  showing r e g r e s s i o n  l i n e s  

( s e e  t e x t ) .  

Major o x i d e - s i l i c a  c o r r e l a t i o n s  f o r  j a v a n i t e s .  

Major o x i d e - s i l i c a  c o r r e l a t i o n s  f o r  p h i l i p p i n i t e s .  

Major o x i d e - s i l i c a  c o r r e l a t i o n s  f o r  i n d x h i n i t e s .  

Major o x i d e - s i l i c a  c o r r e l a t i o n s  f o r  moldav i t e s .  

Major o x i d e - s i l i c a  c o r r e l a t i o n  for North American t e k t i t e s .  

C o r r e l a t i o n  of AI 0 

a n a l y s e s .  See t e x t  f D r  e x p l a n a t i o n  o f  t h e  d e r i v a t i o n  of t h e  cu rves .  

R e s u l t s  of vapor f r d c t i o n a t i o n  experiments by Walter and Gu i t ron ich  (1967). 

See Table 2 f o r  run c o n d i t i o n s .  Curves a r e  obtained by minimizing t h e  

squa res  of the d e v i a t i o n s  taken pe rpend icu la r  t o  t h e  a b s c i s s a .  Curve "Cft 

w a s  d e r i v e d  by combining t h e  d a t a  i n  Runs 9 .  10 and 11. 

Data p o i n t s  of Run # 4  (Walter and G i u t r o n i c h ,  1967).  

R e s u l t s  of vapor f r a c t i o n d t i o n  a t  low oxygen p r e s s u r e s  i n  t u n g s t e n  c r u c i b l e s  

Run cond i t ion?  a r e  given i n  Table 3 .  Curves shown a r e  not  f i t  

s t a t i s t i c a l l y .  

2 

i s  de f ined  i n  Appendix 1. Feat o t  a 1 

K 0 and MgO w i t h  S i02  f o r  4876 s u p e r i o r  igneogs rock 2 3 '  2 
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Figure  Legends (cont inued)  

13. R e s u l t s  of vapor f r a c t i o n a t i o n  experiment u s i n g  m a t e r i a l  w i t h  h ighe r  K 0 

c o n t e n t ,  Experiment was performed us ing  a n  e l e c t r i c  arc  welder a t  one 

atmosphere p r e s s u r e .  Composit ion of s t a r t i n g  m a t e r i a l  i s  marked by "X." 

D i s t r i b u t i o n  of CaO, S i 0 2  and A 1 2 0 3  microprobe a n a l y s e s  f o r  randomly 

s e l e c t e d  p o i n t s  i n  t h e  co re  and f l a n g e  of one a u s t r a l i t e .  Mean v a l u e s  

are i n d i c a t e d  by "M." See Table 4. 

2 

14. 



Table 1 

References €o r  Analyses Used i n  F igu res  3-9 

1 Number Df 
Ana 1 y s e  s Ref e rence Ref.  Type 

Au s t r a  1 as i an  Te k t it e s 

A u s t r a l  i t e  s 

22  

15 

J a van i t e s 

2 

6 

P h i l i p p i n i t e s  

4 

15 

1 3  

Indochin i t e s 

1 2  

5 

16 

Moldavite s 

6 

1 

14 

23 

North Ameri 

19 

5 

Schne tz l e r  and P inson ,  1963 

Taylor and Sachs,  1964 

Schne tz l e r  and P inson ,  1963 

C u t t i t t a  e t  a l . ,  1964a -- 

C u t t i t t a  e t  a l . ,  -- 1962 

Schne tz l e r  and P inson ,  1963 

C u t t i t t a  e t  a l .  , 1964b -- 

Schne tz l e r  and p in son ,  1963 

C u t t i t t a  e t  a l . ,  1964b -- 
Barnes,  1964 

Schne tz l e r  and P inson ,  1964 

S c h n e t z l e r  and P i n s o n ,  1963 

v. Engelhardt  and Hzrz,  1965 

P h i l p o t t s  and p i n s o n ,  1966 

an 
Chao, 1963 

Schne tz l e r  and P inson ,  1963 

4P, 18s 

P 

P 

P 

S 

P 

P 
\ 

P 

S 



~ 

~ 
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Table 1 (continued) 

I Number 3f 
Analyses Reference Ref.  Type 

North American 

8 

3 

C u t t i t t a  e t  a l . ,  1966 -- 
King, 1966 

P 

P 

lr*”yperr r e f e r s  t o  whether the  reference is primary (P)  o r  secondary (S). 
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Table 2 

Conditions of Runs Shown i n  Figure 10 

Temp. (3C) Duration ( m m . )  Lowest S i l i c a  
Content Measured 

4 2 800 

7 2600 -2 700 

8 2800 

9 2 700 

10 2800 

2800 

2600 
11 

C Composite of runs 9 ,  10 and 11 

45 

13 

13 

5 

10 

10 

5 

45 

72 

74 

78 

70 

70 
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Table 3 

Conditions f o r  Rune i n  Tungsten Crucibles  Shown i n  Figure 12 

(All. runs a t  T~ pressure)  

0 
Sample Temperature ( C) Duration (arm) 

418 2 300 15 

41 9 2700 1 

420 2 700 5 

42 1 

424 

2 700 

2 700 

1 

3 



Table 4 

Results  of Analysis  of  Aus tra l i t e  

CaO Si02  A1203 

Flange mean (%> 
abs.  0 

4.63 
.31 

74. 
. $2 

1 3 . 9  
.3!! 

Core mean (%> 
abs.  0 

4.68 
.23 

74.4 13.95 
.83  .28 

Estimated prec is ion of  
microprobe ana lys i s  
(abs .  %> a t  95% 
confidence l e v e l  

.os .5 . 2  
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